ABSTRACT. The Rhodobacter sphaeroides system has been used to express membrane proteins. However, its low yield has substantially limited its application. In order to promote the protein expression capability of this system, the pucC gene, which plays a crucial role in assembling the R. sphaeroides light-harvesting 2 complex (LH2), was overexpressed. To build a pucC overexpression strain, a pucC overexpression vector was constructed and transformed into R. sphaeroides CQU68. The overexpression efficiency was evaluated by quantitative real-time polymerase chain reaction. A well-used reporter β-glucuronidase (GUS) was fusion-expressed with LH2 to evaluate the heterologous protein expression level. As a result, the cell culture and protein in the pucC overexpression strain showed much higher typical spectral absorption peaks at 800 and 850 nm compared with the nonoverexpression strain, suggesting a higher expression level of LH2-GUS fusion protein in the pucC overexpression strain. This result was further confirmed by Western blot, which also showed a much higher level of heterologous protein expression in the pucC overexpression 4059 pucC overexpression improves heterologous protein expression ©FUNPEC-RP www.funpecrp.com.br Genetics and Molecular Research 14 (2): 4058-4067 (2015) strain. We further compared GUS activity in pucC overexpression and non-overexpression strains, the results of which showed that GUS activity in the pucC overexpression strain was approximately ten-fold that in the non-overexpression strain. These results demonstrate that overexpressed pucC can promote heterologous protein expression levels in R. sphaeroides.
INTRODUCTION
Recombinant proteins play an important role in biological and biomedical science. Currently, Escherichia coli and yeast are the most commonly used heterologous expression systems for producing recombinant proteins. However, E. coli and yeast systems have a limited capacity for producing membrane proteins (Dong et al., 1995) .
Rhodobacter sphaeroides is a well-characterized photosynthetic bacterium that can be employed as an expression system for membrane proteins (Roy et al., 2008) . When used as an expression system, R. sphaeroides has some unique advantages. First, this bacterium has multiple growth modes, including aerobic and an aerobic respiration, fermentation, and anoxygenic photosynthesis, and is widespread throughout the world. Second, the indomitable bacterium is able to survive for more than ten years at room temperature in a sealed container on the bench. Most importantly, heterologous proteins expressed in R. sphaeroides can be evaluated rapidly and in real time.
A heterologous protein was expressed in the form of a fusion protein with an α-subunit or a β-subunit of light-harvesting complex 2 (LH2), which is a component of the photosynthetic apparatus of R. sphaeroides (Kiley and Kaplan, 1988; Boonstra et al., 1993) . The LH2 complex has typical absorption at ~800 and ~850 nm, which can be used for spectral detection of the expression of LH2 as well as the presence of LH2 as a β-subunit in fusion proteins (Golecki et al., 1979; McGlynn et al., 1996; Hu et al., 2002) . Thus, in previous studies, we have developed a rapid heterologous protein evaluation method in a R. sphaeroides expression system according to its spectral characteristics (Zhao et al., 2011) . All these advantages firmly suggest that R. sphaeroides could be an excellent protein expression system. Unfortunately, the level of heterologous protein expression in R. sphaeroides is much lower than that in other hosts, which seriously limits its application.
The PucC protein plays a role in R. sphaeroides LH2 assembly. It governs the assembly of the α-and β-subunits at the intracytoplasmic membrane system to form the functional LH2 complex (Tichy et al., 1991; LeBlanc and Beatty, 1996; Jaschke et al., 2008) . Knocking out pucC results in the inefficient formation of the LH2 complex as well as a failure of heterologous protein expression (Gibson et al., 1992; LeBlanc and Beatty, 1993) , suggesting that the PucC protein might be an essential element in heterologous protein expression. However, there has been no research focus on the relationship between PucC and heterologous protein expression capability in R. sphaeroides.
In this paper, we describe our attempt to promote the heterologous protein expression level by overexpressing the pucC gene in R. sphaeroides. The expression level of heterologous proteins was analyzed by spectral absorption, β-glucuronidase (GUS) activity detection, and Western blot. This research suggests that pucC overexpression can increase the heterologous protein expression levels in the R. sphaeroides expression system.
MATERIAL AND METHODS

Strains, plasmids, and growth conditions
Strains and plasmids used in this study are listed in Table 1 . The R. sphaeroides strains were grown in M22+ liquid medium at 34°C supplemented with 0.1% casamino acids (Hunter and Turner, 1988) . Semi-aerobic and aerobic cultures were performed as previously described (Pasternak et al., 1999) . E. coli strain was grown aerobically at 37°C in Luria-Bertani medium. Antibiotics were added to the growth media at the following concentrations: ampicillin, 100 μg/mL for E. coli; tetracycline, 10 μg/mL for E. coli and 1 μg/mL for R. sphaeroides; neomycin, 20 μg/mL for R. sphaeroides; streptomycin, 5 μg/mL for R. sphaeroides; and gentamycin, 30 μg/mL for R. sphaeroides.
Vector construction and conjugation techniques
In this study, GUS was used as a reporter protein. The gus gene was amplified with primer pairs from previous research (Cao et al., 2012) . For the purification of heterologous protein, the His-tag was also introduced. We cloned and inserted gus into the previously used expression vector pRKlacI q pucPpuc1BHis 10 1AC ( Figure 1A ) to produce the novel expression vector pRKlacI q pucPpuc1B-gusHis 10 1AC ( Figure 1B ). The new expression vector was introduced into R. sphaeroides CQU68 by conjugative transfer as described previously (Hunter and Turner, 1988) for producing LH2-GUS fusion protein without pucC overexpression (non-overexpression). For producing LH2-GUS fusion protein without pucC overexpression. This study pRKlacI q pucPpuc1B-gusHis 10 1AC For producing LH2-GUS fusion protein complex with pucC overexpression. This study pRKlacI q pucPpuc1B-gusHis 10 1AC/pRKpucPpucC
The fragment containing puc promoter, pucC gene, and terminator was amplified from the pRKpucPpucC vector, which was derived from pRK415 according to previous research (Wang et al., 2009a ) (primers: pRKpucC-F and pRKpucC-R, Table 2 ). This fragment was then ligated into pUC19 to make pUC19-PPT, which was further introduced into pRKlacI qpucPpuc1B-gusHis 10 1AC to yield the pucC overexpression vector pRKlacI q pucPpuc1B-gusHis 10 1AC/pRKpucPpucC ( Figure 1C ). This vector was introduced into R. sphaeroides CQU68 by conjugative transfer for producing the LH2-GUS fusion protein under the condition of pucC overexpression. qRT-PCR = quantitative real-time polymerase chain reaction. 
Expression of LH2-GUS fusion protein
A single transconjugant colony was inoculated into M22+ liquid medium and grown under aerobic conditions. For the expression of LH2-GUS fusion protein, cell cultures were shifted from aerobic conditions to semi-aerobic conditions at an optical density of the sample measured at a wavelength of 600 nm (OD 600 ) of 0.8-1.0, and continuously induced by 1.0 mM isopropyl β-d-1-thiogalactopyranoside (IPTG) for 0, 6, 12, 18, 24, 30 , and 36 h. The absorption spectrum was recorded on a Perkin Elmer lambda 900 UV/VIS spectrometer (USA).
RNA extraction and quantitative real-time polymerase chain reaction (qRT-PCR)
Samples were collected for RNA isolation at 0, 6, 12, 18, 24, 30 , and 36 h after adding IPTG. Total RNA was extracted using RNAiso Plus (TaKaRa). The complementary DNA (cDNA) was synthesized using a random primer (TaKaRa) and M-MuLV Reverse Transcriptase (Promega). The PCR mixture contained 7.5 µL 2X SYBR Premix Ex Taq II (TaKaRa), 500 µM of each specific primer, and 1 µL diluted cDNA in a 15 µL final volume. qRT-PCR analyses were performed in triplicate in a CFX96 Real-Time System (Bio-Rad) under the following conditions: 3 min at 98°C, followed by 40 cycles of 98°C (15 s), 56°C (15 s), and 72°C (15 s) on a 96-well optical reaction plate (Bio-Rad). The expression of pucC and gus was normalized to rpoz as a housekeeping gene (Wang et al., 2009b) . Primers for pucC, gus, and rpoz are listed in Table 2 .
Protein extraction, purification, and Western blot
Crude proteins from R. sphaeroides were prepared as previously described . Briefly, 4 L IPTG-induced cell culture was collected by centrifuging. The precipitate was re-suspended in 20 mM Tris buffer, pH 8.0, in the presence of 100 mM NaCl, 1 mM phenylmethyl sulfonylfluoride, 50 µg/mL DNase I, and 10 µg/mL RNase I, and subsequently broken by three passages with a high-pressure homogenizer at 1200 bar. To remove the cell debris, centrifuging was performed twice at 17,000 g and 4°C for 15 min. Then the supernatant was precipitated by ultra-centrifugation at 160,000 g and 4°C for 90 min. After that, the membrane pellets were re-suspended with 20 mM Tris buffer as above to a final protein concentration of 5 mg/mL (determined by BCA Protein Assay Kit; VigoRous, China). The absorption spectrum of the extracted protein was recorded on a Perkin Elmer lambda 900 UV/VIS spectrometer. For protein purification, total protein was solubilized with 1.0% (v/v) lauryldimethylamine N-oxide (LDAO) and purified by Ni-IDA agarose resin (Amersham Biosciences, USA).
For Western blot, 30 µg total protein was separated by 12% sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel and transferred to a 0.45-µm polyvinylidene difluoride membrane after electrophoresis. His-tag monoclonal antibody anti-His antibody and goat anti-mouse IgG-alkaline phosphatase (Proteintech, USA) were used as the primary and the secondary antibodies, respectively. Immunoreactivity was determined by the ECL method (Amersham Biosciences, USA).
Fluorometric GUS quantitation assay
Whole-cell extraction of transformants and fluorometric analysis of GUS activ-ity were carried out according to previous research (Jefferson, 1987; Horvath and Riezman, 1994) . 4-Methylumbelliferyl-β-D-glucuronide (MUG), which is cleaved by the GUS enzyme to release methylumbelliferone (MU) and glucuronic acid, was used as the fluorimetric GUS assay substrate. The GUS activity of total protein was measured in both the pucC overexpression and non-overexpression strains. To quantify the GUS activity, a calibration graph of known concentrations of the fluorescent reaction product NaMU dissolved in GUS extraction buffer was produced. To quantify the fluorescent signal, an ALEXA filter set (excitation 350 nm and emission 440 nm, Stratagene) was used. Standard errors were derived from means of 20 readings and were reproducible from one experiment to the next.
RESULTS
pucC gene was successfully overexpressed in the overexpression strain qRT-PCR was performed to determine the overexpression efficiency of pucC. As shown in Figure 2A , pucC expression exhibited the same expression trend in the strain with or without pucC overexpression. The expression level reached a peak at 18 h after adding IPTG and remained at a high level between 18 and 36 h. However, the pucC expression level in the pucC overexpression strain was much higher than in the non-overexpression strain, which illustrated that pucC was successfully overexpressed. Meanwhile, pucC overexpression led to increasing gus expression, which also reached a peak at 18 h ( Figure 2B ), indicating that 18 h could be the best duration for protein expression. pucC gene overexpression can promote the LH2-GUS fusion protein expression level in R. sphaeroides troscopy, the cell cultures from the pucC overexpression strain and the non-overexpression strain shared the same spectral pattern at 800 and 850 nm, which indicated the presence of LH2-GUS fusion protein complex in these cell cultures. Compared to the non-overexpression strain, the absorption peaks of the pucC overexpression strain were much higher, suggesting the LH2-GUS fusion protein was enriched by pucC overexpression. For accurate measurement, the total protein was extracted and detected from pucC overexpression and non-overexpression strains. As shown in Figure 3A , protein from the two strains displayed spectral properties similar to those from the cell culture. The absorption peaks of protein purified from the pucC overexpression strain presented a much higher peak. This result also verified that the capability of R. sphaeroides to produce LH2-GUS fusion protein can be promoted by pucC overexpression. A. Spectral absorption of cell cultures and total protein; a represents absorption of cell cultures or total protein from the pucC overexpression strain; b represents absorption of cell cultures or total protein from the non-overexpression strain; au = absorbance units. B. Western blot analysis of LH2-GUS fusion protein; 30 µg total protein was used for each sample. C. GUS activity in the pucC overexpression and non-overexpression strains.
A Western blot was performed to compare the expression level of LH2-GUS fusion protein in the pucC overexpression and non-overexpression strains. The LH2-GUS fusion protein from the pucC overexpression strain showed a much wider and brighter band than the non-overexpression strain ( Figure 3B ), suggesting that the yield of heterologous protein is markedly promoted by pucC overexpression.
GUS activity was evaluated in the two strains ( Figure 3C ). The GUS activity in the pucC overexpression strain was approximately ten-fold that in the non-overexpression strain. There was more LH2-GUS fusion protein in the pucC overexpression strain, suggesting that pucC overexpression can promote heterologous protein expression.
In conclusion, the spectral absorption, Western blot, and GUS activity detection firmly proved that pucC overexpression enhances the expression level of the LH2-GUS fusion protein in the R. sphaeroides expression system. pucC overexpression does not affect the purification of the heterologous protein
As the LH2-GUS fusion protein expression level can be promoted by pucC overexpression, we wondered whether pucC overexpression might affect heterologous protein purification. After His-tag purification, the purified LH2-GUS fusion protein was examined by SDS-PAGE. As shown in Figure 4 , a single band of approximately 80 kD was observed in the pucC overexpression lane and no other bands were found, suggesting that the expressed protein can be easily purified and pucC overexpression does not cause contamination by other proteins. 
DISCUSSION
The Puc operon of R. sphaeroides consists of five structural genes: pucA, pucB, pucC, pucD, and pucE. The pucA and pucB genes encode the α-and β-subunits, respectively. The pucC gene encodes the pucC protein, which governs the assembly of the α-and β-subunits in the intracytoplasmic membrane system, and plays a key role in functional LH2 assembly. In a previous study, we reported the construction of an LH2 polypeptide expression vector that contained a reengineered lacI q -puc promoter-lac operator hybrid promoter, allowing the puc operon to be regulated by both IPTG and oxygen level . Later, we established a novel R. sphaeroides expression system with the above hybrid promoter, and found that the production of heterologous protein could be rapidly detected through LH2 absorption at ~800 and ~850 nm. This typical absorption can be used as a monitor for rapid and real-time evaluation of heterologous protein expression levels (Zhao et al., 2011) . However, although R. sphaeroides can be used as a heterologous protein expression system, the production of which can be easily evaluated, the relatively low protein expression level becomes the major limitation of this expression system.
In this study, we overexpressed the pucC gene with the aim of promoting the heterologous protein expression level of R. sphaeroides. A well-used reporter protein GUS, expressed as a fusion protein with LH2, was used to evaluate the effect of pucC overexpression on heterologous protein expression.
qRT-PCR identified the success of pucC overexpression, which led directly to an increase in gus mRNA. Subsequently, we adopted three steps to investigate whether the overexpressed pucC could promote the LH2-GUS fusion protein. Firstly, since the heterologous protein expression level can be detected through a specific typical absorption (Zhao et al., 2011) , infrared absorption was employed to detect the LH2-GUS fusion protein expression level in the pucC overexpression and non-overexpression strains. Both the cell cultures and total protein showed higher absorption peaks with pucC overexpression, suggesting that the pucC overexpression strain can express higher levels of heterologous protein. Secondly, Western blot analysis was used to evaluate the difference in LH2-GUS fusion protein expression level between the pucC overexpression and non-overexpression strains. Although identical amounts of total protein were used, the pucC overexpression group showed a much wider and brighter band, indicating that there was a higher content of LH2-GUS fusion protein in the total protein extracted from the pucC overexpression strain. Finally, as GUS is a well-used reporter protein, we directly detected and compared the GUS activity in the two strains. The GUS activity in the protein from the pucC overexpression strain was more than 10 times that of the protein from the non-overexpression strain. This result further verified the higher heterologous protein level in the pucC overexpression strain. In conclusion, these results firmly demonstrate that pucC overexpression does indeed promote the heterologous protein expression capability of R. sphaeroides.
Based on these experiments, we conclude that the expression level of heterologous proteins can be improved by pucC overexpression in the R. sphaeroides expression system. The new strategy we have established has potential for promoting the expression level of heterologous membrane protein in R. sphaeroides.
